Abstract The risk of venous thromboembolism following major orthopaedic procedures, such as joint arthroplasty and hip fracture surgery, are well recognised and represent one of the major challenges in orthopaedic practice, having in mind the increasing number of arthroplasties of the hip and knee done worldwide per year and their successful outcome. This potentially fatal complication remains a challenge in orthopaedic practice. The percentage of patients in whom antithrombotic prophylaxis has not been administrated or has been inadequate may reach 50 %. Until recently, anticoagulant prophylaxis with low molecular weight heparins (LMWHs) has been a "gold standard". LMWHs are indirect inhibitors of the clotting factors Xa and thrombin and are administered by daily subcutaneous injection. Their efficacy has been proven in numerous clinical trials and the rate of complications with their use is relatively low. However these compounds are associated with a failure rate and are inconvenient to administer, requiring subcutaneous injection, leading to inadequate compliance. For these reasons postoperative thrombembolism continues to occur in up to 10 % of this patient population. Recently, novel oral anticoagulants have been introduced into practice for thromboprophylaxis after joint arthroplasy and hip fracture surgery. These drugs are direct thrombin inhibitors (dabigatran) or direct factor Xa inhibitors (rivaroxaban, apixaban and edoxaban). These oral drugs have the same efficacy as the LMWHs with the same or slightly more clinically significant haemorrhage as their main side effect. Their ease of administration and favourable clinical profile makes them an important addition to the therapeutic armamentarium available for venous thromboprophylaxis. In this paper we review the aetiology and pathogenesis of venous thromboembolism and present the various alternatives for its prevention after major orthopaedic surgical procedures with emphasis on the new oral drugs.
Introduction
Venous thromboembolism (VTE) refers to a single pathological process-thrombosis of a peripheral vein (deep venous thrombosis/DVT), embolisation and thrombosis of a branch of the pulmonary artery (pulmonary embolism/PE). The increased risk of development of venous thromboembolic disease and its concomitant complications and mortality after major orthopaedic interventions, arthroplasty of hip and knee joint (THA, TKA), and surgical intervention of hip joint fractures is well established and continues to be a challenge in orthopaedic practice [1] . The incidence of deep venous thrombosis when no prophylaxis is administered is 42-57 % with total hip arthroplasty and 41-85 % with total knee arthroplasty. Fatal PE occurs in 0.1-2 % of patients after hip THA and in 0.1-1.7 % of the patients with TKA [2] . It is recognised that symptomatic VTE, which occurs in about 4 % of patients, is more frequent than the complications such as luxation and postoperative infection. These data demonstrate the need for effective and safe thromboprophylaxis. Anticoagulant prophylaxis initially using unfractionated heparin and subsequently using low molecular weight heparins in major orthopaedic surgery became widespread in the last quarter of the 20th century. Recommendations for antithrombotic prophylaxis published by different healthcare and scientific organisations and committees (American College of Chest Physicians [ACCP] , American Academy of Orthopedic Surgeons [AAOS] , National Institute for Health and Clinical Excellence, etc.) resulted in extensive administration of anticoagulants in practice [3] [4] [5] [6] . Until recently anticoagulant prophylaxis with low molecular weight heparin has been a "gold standard". Nevertheless, the percentage of patients in whom antithrombotic prophylaxis has not been administered or has been inadequate may reach 50 % [7] [8] [9] [10] . Recently, new orally available pharmacological agents with effectiveness comparable to low molecular weight heparin have been introduced into practice.
Historical review of the development of thromboprophylaxis
After the proposal of the main mechanisms for development of the thrombosis and embolism by Rudolf Virchow in the 1880s, attempts at treatment and prevention of venous thromboembolism have been undertaken since the beginning of the twentieth century. The first author who described emergency pulmonary embolectomy was Trendelenburg in 1908 through thoracotomy and removal of embolus via incision of the pulmonary artery [11] . The initial results were disappointing and the first two successful embolectomies were described in 1928 [12] . Diagnosis of pulmonary thromboembolism at that time was purely clinical until the introduction of the pulmonary angiography in 1963 [13] , which together with the development of cardiopulmonary bypass increased the success of pulmonary embolectomy. Currently this procedure is reserved for patients with massive pulmonary thromboembolism leading to shock.
Prophylaxis of pulmonary embolism by ligation of the vein above the site of thrombosis was described for the first time in 1934 by Homans [14] . Because at that time there were no pharmacological agents for prevention of the thromboembolism, bilateral ligation of the femoral vein proved to be the main method for prophylaxis of pulmonary thromboembolism. Later, ligation of inferior vena cava was also introduced. The use of the two procedures decreased sharply with the introduction of heparin and oral anticoagulants. Insertion of a filter in the inferior vena cava was introduced in the 1970s.
The indications for its use are VTE with concomitant active bleeding or other contraindications for anticoagulant therapy.
Howell and Holt [15] discovered a substance in 1918, which had the property of slowing coagulation. It was named heparin due to its finding in large quantity in the liver. Heparin is a mucopolysaccharide, which is present in plasma in small quantities and has weak intrinsic anticoagulant properties. However, in combination with antithrombin, it forms a complex which binds to and inhibits the activity of certain activated clotting factors, namely, factors XIIa, XIa, Xa, IXa and thrombin. Intravenous heparin was found to be effective in the prevention of postoperative VTE [16, 17] , although the initial studies were not controlled and events were detected both clinically and at post mortem. Subcutaneous heparin in low doses for the prophylaxis of venous thromboembolism after surgical intervention was first reported by Sharnoff et al. [18] . Randomised studies demonstrated a risk reduction of postoperative DVT of up to 68 %. Although the frequency of wound haematomas was increased major postoperative haemorrhages were a rare complication. Low dose subcutaneous heparin was also found to be effected for VTE prophylaxis in orthopaedic operations such as arthroplasty of major joints and operations for hip fractures which have a significantly higher incidence of the DVT than general surgical operations.
Low molecular weight heparins (LMWHs) were introduced in the 1980s. These drugs are derivatives of unfractionated heparin, obtained by chemical or enzymatic depolymerisation, and have a molecular weight of one third of that of unfractionated heparin. LMWHs have less anti thrombin activity than anti factor Xa activity, which may improve their safety profile [19] . LMWHs in contrast to unfractionated heparin are given in fixed doses by daily subcutaneous injection and they do not require routine laboratory monitoring. This makes them more suitable for use after hospital discharge which is beneficial after major joint arthroplasy. Furthermore, osteoporosis and heparin induced thrombocytopenia are rarely encountered with LMWH use [20] . A disadvantage of LMWH is its subcutaneous administration, which may reduce patient compliance in out-patient conditions. This potential drawback of LMWH is significant, because according to a series of studies, the reduction of DVT (symptomatic or proved with venography) in two thirds of the cases of the hip arthroplasty is achieved by administration of LMWH for a minimum of four weeks after surgery [7, 21, 22] .
The first reports of the use of oral anticoagulants for prevention of venous thromboembolism were published 60 years ago [23, 24] . The drugs used were vitamin K antagonists, which block the synthesis of coagulation factors-VII, IX, X and II. Despite their proven efficacy [25] , and the convenience of their oral administration, they have significant disadvantages limiting their use in orthopaedic practice. The late onset of their anticoagulant activity results in an unprotected period of two to three days after the surgery. Their use requires accurate monitoring of the international normalised ratio, because of the variable levels of dietary vitamin K and multiple interactions with medications and food. The last is true especially in patients receiving therapy for concomitant diseases. For example, warfarin, which is used frequently in North America and the United Kingdom for prophylaxis in orthopaedic surgery, has an unpredictable pharmacological profile and its dose must be individualised for every patient due to the risk of haemorrhagic complications.
Aspirin, due to its antiaggregant properties, was suggested for prophylaxis of venous thrombosis in 1968 [26] . It has a comparatively low thromboprophylactic effect and the slight reduction of the risk of VTE in patients with fractures of the hip joint [8] , TKA and THA [20] is accompanied by complications such as gastrointestinal bleeding, bleeding from surgical wounds and the need for red cell transfusion. For these reasons, aspirin is not universally recommended for VTE prophylaxis in orthopaedic patients, according to 2001 and 2006 guidelines [6, 20] . Debates for its use in orthopaedic patients have been in progress since then. The 2012 edition of the American College of Chest Physicians recommendations on antithrombotic treatment includes aspirin as one of the possible medications for prophylaxis [4] , stating that the use of one of the pharmacological methods for prophylaxis, including aspirin, is better in comparison with no administration of any pharmacological prophylaxis in orthopaedic patients. Some authors suggest its use in low-risk patients after knee and hip arthroplasty in combination with early rapid mobilisation, pneumatic compression devices and preoperative risk stratification [27] .
Clinical studies on the effectiveness of aspirin, warfarin and LMWH Aspirin and other antiplatelet medicines have weaker effect compared to the other methods of thromboprophylaxis as demonstrated by a study published in 1996, in which patients undergoing TKA received either aspirin and pneumatic compression of the operated limb or aspirin alone. The frequency of DVT in the first group was 27 %, and in the second group-59 % [28] . Another study randomised patients with fractures of the proximal femur to receive either aspirin or danaparoid (a low molecular weight heparinoid). The incidence of VTE was 44 % and 28 %, respectively [29] . In one major study (Pulmonary Embolism Preventing [PEP] trial) with 4,088 patients with TKA and THA, aspirin was compared to a group taking placebo. About 40 % of patients took other forms of prophylaxis such as heparin and low molecular weight heparin. No advantage in prophylaxis against thromboembolic events was found with the use of aspirin [30] . In pooled analysis aspirin demonstrates relative risk reduction of VTE of 26 %, 13 % and 29 % in THA, TKA and fractures of the proximal femur, respectively, which is less than that achieved with anticoagulants [20] . However, a recent study provides new data suggesting a role for aspirin in VTE prophylaxis in orthopaedic surgery. Anderson et al. [31] reported that aspirin is not inferior to dalteparin in prevention of VTE after THA. A total of 778 patients with THA during the period 2007-2010 were included in the study. After ten days of dalteparin postoperative prophylaxis, 400 patients were randomised to receive dalteparin for 28 days and 386 received aspirin for the same period. Only 1.3 % of the group receiving dalteparin and 0.3 % of the group treated with aspirin had VTE on the 90th day. The incidence of bleeding was low and similar in both groups.
Vitamin K antagonists, such as warfarin, possess the advantage of oral administration, however they are less effective than LMWHs. One study from 1993 compared warfarin with LMWH in patients with TKA and THA. Venographically diagnosed that DVT was more common in the warfarin group (37.4 %) than in the LMWH group (31.4 %) [25] . In summary, data from randomised studies show a relative risk reduction of DVT with the use of warfarin in patients after THA, TKA and fractures of the proximal femur to be 59 %, 27 % and 48 %, respectively, indicating their reduced efficacy compared to LMWH [20] .
Currently, LMWHs are widely used for VTE prophylaxis in orthopaedic patients. Eight clinical studies have been performed, all demonstrating superior efficacy of LMWH compared to unfractionated heparin in general surgical patients [32] . A randomised study reported in 1986 in 100 patients with THA, who received enoxaparin versus placebo, demonstrated a 12 % incidence of DVT in the LMWH group, compared to 42 % in the placebo group [33] . A similar study of 237 patients with THA demonstrated a 25 % incidence of DVT in patients treated with unfractionated heparin compared to 12.5 % in the group receiving enoxaparin [34] . Regarding knee arthroplasty, DVT occurred in 36.9 % enoxaparin treated patients and in 51.7 % of warfarin treated patients [35] . Data from 30 clinical studies demonstrates a 70 % relative reduction in the risk of DVT in patients with THA, who receive prophylaxis with LMWH, a 52 % relative reduction of DVT after TKA (13 studies) and a 44 % relative reduction after surgery for fractures of the proximal femur (five studies) [20] .
Current prophylaxis

Non-pharmacological agents-early ambulation and mechanical devices
Early ambulation is an important prophylactic measure for DVT after major orthopaedic surgery [36] . Although there are no empirical data for its effectiveness, it has a low cost, no risk for the patient and is compatible with clinical practice. Its realisation depends on patient cooperation, his/her general condition and the concomitant diseases.
Other non-pharmacological agents for thromboprophylaxis are elastic stockings and intermittent pneumatic compression (IPC), which has a limited application-the device must be applied constantly, is generally inconvenient and limits the mobility, which is why it is not tolerated well by patients. Thus, its effectiveness in preventing DVT is controversial, due to incorrect use of the device in many cases [37] . Elastic stockings, which are considered to reduce the risk of thrombosis due to the increase of velocity of venous reflux, are relatively ineffective in reducing the risk of DVT: 6 % relative risk reduction in TKA and 23 % in THA compared to pharmacological methods [2, 20] . Intermittent pneumatic compression in some studies with hip joint arthroplasty shows good efficacy for prevention of all DVT (63 % relative risk reduction), while the effectiveness for proximal deep venous thrombosis is poorer (48 % relative risk reduction), compared to the administration of pharmacological agents. As regards TKA, some authors suggest that IPC is sufficiently effective for the prevention of deep venous thrombosis [28, 38] and more effective compared to aspirin [39] . In summary, intermittent pneumatic compression may be useful when used in addition to pharmacological prophylaxis, mainly during the period of hospitalisation. It can also be considered as an independent prophylactic measure, in patients at high risk of bleeding.
Antithrombotic prophylaxis with pharmacological agents
The ideal anticoagulant drug should be efficacious, safe, convenient to use and affordable. During the past few years several new anticoagulants have been approved for DVT prophylaxis after major orthopaedic surgery, namely, fondaparinux, apixaban, dabigartan, and rivaroxaban. These agents provide more targeted inhibition of activated clotting factors than heparins and vitamin K antagonists (Fig. 1) . These drugs, like LMWH, have a fixed dose-response relationship which makes routine monitoring of their anticoagulant function unnecessary. Numerous clinical studies have demonstrated the efficacy and safety of these agents compared to LMWH for DVT prophylaxis.
Rivaroxaban
Rivaroxaban is an oral, direct inhibitor of factor Xar, with predictable pharmacokinetics and pharmacodynamics. There is no necessity for dose modification according to age, gender and body mass. It is excreted predominantly by the kidneys (70 %) with a small component excreted by the liver (30 %). There are few reported drug interactions with rivaroxaban and no known food interactions.
Four phase III studies including 12,500 patients with THA and TKA indicated superior efficacy of rivaroxaban compared to enoxaparin (composite endpoint of death and pulmonary embolism 0.5 % and 0.8 %, respectively, P =0.039) [40] [41] [42] [43] .
Bleeding risk was the same for both agents. It is important to note that patients with a creatinine clearance below 30 ml/min were not included in the studies and rivaroxaban should not be used in such patients. The approved dose of Rivaroxaban is 10 mg/daily beginning six to ten hours after surgery and continued for five weeks after THA and two weeks after TKA.
Dabigartan
Dabigatran is an oral direct thrombin inhibitor that is administered once daily in a fixed dose for VTE prophylaxis following joint replacement. It has rapid onset of activity and has predictable anticoagulation activity. Excretion of dabigatran is predominantly renal (80 %) and is contraindicated for patients with severe renal failure (creatinine clearance under 30 ml/min), but it can be used at reduced dose in patients with moderate renal impairment with creatinine clearance 30-50 ml/min [44] .
Two studies (REMODEL and RE-NOVATE) demonstrated that dabigatran is as effective as enoxaparin in the dose of 40 mg daily in patients with THA and TKA with a similar safety profile [45, 46] . A third study (RE-MOBILIZE) conducted in North America with patients after TKA, comparing dabigatran to enoxaparin 30 mg twice daily, resulted in superior efficacy in the enoxaparin arm, possibly because of the higher dose of this agent-30 mg twice daily-which is the standard North American dose of enoxaparin [47] . The results of a meta-analysis of the three studies showed that the incidence of bleeding was the same for both drugs [48] .
Apixaban
Apixaban is an oral direct factor Xa inhibitor, given twice daily. Only 30 % of the drug is renally excreted making this the novel anticoagulant of choice in patients with renal failure. Three studies examined the efficacy and safety of apixaban compared to enoxaparin. In the first study (ADVANCE -1), apixaban 2.5 mg twice daily compared to twice daily administration of enoxaparin 30 mg in patients with TKA did not show increased efficacy of apixaban [49] . In the second study (ADVANCE -2), apixaban was compared to enoxaparin 30 mg once daily in TKA and demonstrated superior efficacy [50] . In both studies apixaban demonstrated favourable safety regarding bleeding. ADVANCE -3 compared apixaban to enoxaparin (30 mg once daily) in THA and in this study apixaban demonstrated superiority compared enoxaparin, and the incidence of bleeding was the same for both medications [51] . The approved dosage of apixaban is 2.5 mg twice daily for a period of 32-38 days after the THA and for 10-14 days after TKA.
Fondaparinux
Fondaparinux is a synthetic pentasaccharide, which is an indirect, specific inhibitor of factor Xa . It is completely eliminated via the kidneys, therefore it must be carefully used in patients with renal disease. Fondaparinux compared to enoxaparin [52] in 7,300 patients with TKA, THA and fractures of proximal femur reduces the overall frequency of VTE on the eleventh day after the operation (6.8 vs 13.7 %). However, fondaparinux is associated with more non clinically significant bleeding compared to enoxaparin and should only be administered six hours after surgery and at least 12 hours after removal of a spinal/epidural catheter in order to avoid surgical or neuroaxial bleeding. Other disadvantages of the medication are its slower elimination (half-life of 13-21 hours), the risk of accumulation of the medication in A pi xa ba n, R iv ar ox ab an Dabigatran Fig. 1 Simplified scheme of the target factors from the coagulation cascade of heparin and the inhibitors of thrombin and factor X It is contraindicated for patients with severe renal failure (creatinine clearance <30 ml/min), but it can be used with reduced dosage in patients with moderate renal impairment (creatinine clearance 30-50 ml/min) with additional monitoring of the coagulation status patients with renal failure, irreversibility of the inhibition of factor Xa, and subcutaneous administration. Overall the advantages of the above-mentioned new anticoagulant agents, compared to the other used medications, are summarised in Table 1 .
Conclusions
A large proportion of orthopaedic patients require thrombophylaxis, using either pharmacological agents or non-pharmacological methods. However, not all patients at risk for DVT ultimately receive prophylaxis. The reasons for this discrepancy include an underestimation of the risk of deep venous thrombosis, disagreement with the recommendations and data in literature, "clinical inertia", apprehension regarding complications and last but not least the inconvenience of anticoagulant prophylaxis, and subsequent poor cooperation of patient and non-optimum results.
The consequences of DVT may be serious and include the post phlebitis syndrome and in patients with pulmonary embolism, chronic pulmonary hypertension, which has a 3-4 % mortality rate from right-sided heart failure [53] . DVT and PE also create a significant financial burden. The cost of therapy of such a patient yearly reach as much as $16,000 [54] . The new inhibitors of thrombin or factor Xa, fondaparinux, dabigatran, rivaroxaban and apixaban represent an alternative to LMWH and vitamin K antagonists in TKA and THA, surgical procedures which represent a major risk of VTE. Randomised controlled trials have demonstrated that these novel agents are at least as effective as enoxaparin and are not associated with an increased incidence of clinically significant bleeding. Their main advantages are oral administration, no need for laboratory monitoring, fixed dosage, predictable pharmacokinetics and pharmacodynamcis, equivalent efficacy to standard therapy, good safety profile, no interaction with food and medications and their postoperative application administration which allows same day admission and operation.
Therefore it is hoped that the new oral anticoagulants will improve the antithrombotic prophylaxis administration and will decrease the frequency of the thrombotic complications after a major orthopaedic surgery.
